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Abstract 
Producing of materials with high mechanical strength and thermal stress resistance is required for the development 
and optimization of the mechanical and structural parts in some special conditions. Functionally graded materials 
(FGM) are new generations of the composite materials having non homogeneous microscopic microstructures in 
which the material properties are changed along with the continuous and synchronized distributions of the structural 
combination. Due to attention to the development of FGM materials applications in the high-technology industries 
and sciences, it's required to investigate and study the methods of producing these materials. Hence, the investigation 
of the advantages and disadvantages of different methods, comparing the methods with each other, introducing the 
optimum methods for producing different combinations of FGM and properties investigation of each specified 
combination should be carried out. In this study, a précised investigation of the whole available production methods 
was done and then with considering the field of every special application, a suitable FGM combination was selected. 
One of the best methods in the aspect of quality, manufacturing speed and cost was selected in order to account for 
producing in the laboratorial scale and the mechanical and thermal tests. Then, the changes of the thermal 
conductivity through the main dimension were investigated. The mathematical model for the conductivity changes 
was proposed for an optimum structure. Also, the obtained model was generally compared with some results of the 
previous researches. 
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1. INTRODUCTION
FGM is the abbreviation of Functionally Graded Material. The FGMs are composite material with 
heterogeneous microstructure which have continuous and slight mechanical change between their layers. 
These materials are generally metal-ceramic combinations and the metal-ceramic composition changes 
continuously from one surface to another. Having this structure, makes the FGM proper for some 
applications like reactor shells, turbines, building structures and many other engineering applications. 
Thermal buckling resistance and lack of rupture are of the properties which differentiate the FGMs with 
composite material. There are different methods for preparing FGM material which are pointed as follows: 
Chemical and physical vapor deposition (CVD/PVD) during which, the vapor of a material is deposited 
onto the other material surface. Powder metallurgy is used as another method of FGM forming which is 
the only method that one can control the density precisely. Another method is the liquid phase deposition, 
which is performed by an electrolyte solution and metal-plating by electricity. The penetration method is 
a process that may be used for manufacturing structures with high melting point difference. By this 
process, a porous pre-form is prepared and the other material with lower melting point is injected through 
the porous structure under vacuum. Casting method is another process which includes slurry casting, tape 
casting and centrifugal casting processes and the last one is the most précised. The Eutectic Bonding 
method is another process which is done by laminating the metal-ceramic layers, heating over the eutectic 
temperature and slowly cooling down. As the new FGM manufacturing processes, we can mention the 
Three-Dimensional Printing, Ceramic Ink Jet Printing and Laser Engineered Net Shaping methods. 
In this study, the Ti-ZrO2 was selected between the different kinds of FGM compositions. The 
manufacturing process and properties of the mentioned structure is described in the next section of the 
paper. After selecting the composition, the thermal conductivity modeling has been done and reported in 
the last section. 
2. SELECTING THE COMPOSITION AND MANUFACTURING METHOD INVESTIGATION 
Titanium is an active metal, which can easily react with N2, O2 and H2. It is very important to select 
suitable sintering technological conditions for the synthesis of Ti–ZrO2 functionally graded materials. 
Moreover, the stability of Ti:ZrO2 interfaces should be assessed by thermodynamic calculations. 
Therefore, the thermodynamic analysis of Ti–ZrO2 system is essential for the chemical design of the 
composite.  
Functionally graded materials (FGMs) have received considerable attention in recent years. According to 
what was discussed in the introduction, the graded changes in composition and microstructure can reduce 
or eliminate specific interfaces between constituent materials such as ceramics and metals. These features 
of FGMs are expected to relieve the residual stress, as well as to control thermal barrier characteristics. 
ZrO2-based FGMs is the main research direction of thermal barrier materials. ZrO2-stainless steel , ZrO2–
Ni, ZrO2–Mo  and ZrO2–Cu FGMs have been newly investigated. In this paper, a novel FGM based on 
Ti–ZrO2 system has been selected. The selected FGM composition has excellent thermal barrier property, 
thermal shock resistance, anti-corrosion and wear resistance. Pure titanium and its alloys are important 
aerospace materials that have high-temperature strength, thermal shock resistance, anti-corrosion and 
good heat-transfer properties. This Ti–ZrO2 system FGM was chosen on the basis of the potential 
applications in aerospace industries. As we know, various techniques, such as all the methods which were 
mentioned in the introduction, have been employed in the preparation of FGMs. Powder metallurgical 
(P:M) process is one of the most viable methods for the preparation of FGMs , which needs no 
extraordinary special equipment. The composition and the microstructure as well as the shape forming of 
FGM can be easily controlled in a wide range in P:M process. Ti–ZrO2 FGMs have been prepared by 
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powder metallurgical method. The graded compositions of each layer in the designed FGMs are listed in 
Table 1.  
Table 1:  Composition of the samples corresponded to the graded layers 
Layer No.        Hc-1         Hc-2        Hc-3           Hc-4             Hc-5           Hc-6           Hc-7          Hc-8           Hc-9  
Ti (vol.%)         0.0           12.5        25.0             37.5              50.0            62.5          75.0           87.5           100.0  
ZrO2 (vol.%)      100.0          87.5        75.0             62.5             50.0            37.5          25.0           12.5            0.0  
3. THERMAL CONDUCTIVITY CALCULATIONS 
Up to now few methods for determining the FGM thermal conductivity and isolation function have been 
derived. In this paper, the calculating method of FGM material conductivity has been done based on the 
Ti-ZrO2 and the conductivity diagram is drawn based on the FGM composition. The metal-ceramic is 
considered as an infinite plate with unit thickness.(figure 1)   
 
Figure 1: The coordinate system according to Ti cross section 
The two sides of the material is named as the face for the side which contains the least metal and is 
exposed to the direct heat and other side as the back which contains the least ceramic or the maximum 
metal concentration. The origin is located on the face side and the face to back direction is considered as 
the positive direction. Undercurve of p(x) and unit thickness condition of steady state, the temperature of 
the face and the back are supposed to be T1 and T2 respectively. (T1>T2) and the temperature distribution 
of the FGM is supposed to be T(x). Also, the compositional distribution curve within FGM is assumed to 
be p(x), which represents the metallic phase content (wt.%) of the longitudinal section parallel to the face 
or back, at a distance of x from the face. Finally, the relative thermal conductivity of the ceramic phase is 
defined as Krel[ceramics], the value for the metallic phase is Krel[metal] and the relative effective thermal 
conductivity of the metal-ceramics composite is Krel[p(x)] with the metallic phase being p(x) and the 
ceramics phase being [1-p(x)]. 
For simplification, we assume that the temperature distribution of the FGM would be one-dimensional 
based on a microscopic scale, this assumption doesn`t effect on the engineering applications precision. 
According to the Furrier`s law the heat flow per time and the place distance can be written as follows: 
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 (1) 
The integration after variable separation results in: 
 (2) 
Assuming that the conductivity versus the unit thickness of metal-ceramics FGM with the distribution of 
P(x) is equal to the conductivity of homogeneous material with Kp(x).  
 (3) 
The following formulation has been resulted for the equivalent conductivity per unit thickness of FGM 
material. 
 (4) 
 Before using equation 4, a function between the effective conductivity krel[P(X)] and the distribution 
should be identified for calculation of Kp(x)equi, which is generally obtained by the Eucken equation. 
Anyway, the Ti-ZrO2 of this paper is composed of two particles with sharp difference in conductivity. 
One is micro-sized and the other one (ZrO2) is very fine nano-sized. The thermal conductivity versus the 
volume fraction of Ti is shown in figure 2. 
 
Figure 2:  Relation curves of Ti-ZrO2 fine functions. N=0 means that either no thermal composites between the relative effective 
percolation happens or that thermal percolation thermal conductivity Krel[p(x)] and the takes place throughout the whole FGM. 
Metal content p(x) (weight fraction) 
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4. RESULTS AND DISCUSSIONS 
Generally, the integration of the Eq. 4 is much difficult. But for Ti-ZrO2 FGMs, a linear relation between 
Krel[p(x)] and p(x) is obtained according to figure 2. Taking the thermal percolation point as the dividing 
point, we can get four fitting lines: 
                                                (5) 
                                             (6) 
                                             (7) 
                                            (8) 
For Ti-ZrO2 FFGM, if we term the critical point corresponding to the metallic phase content being the 
thermal threshold value as the thermal percolation point expressed as xc(0 X 1), then: 
P(xc1)=0.25  ; Krel[p(xc1)]=4.2 
P(xc2)=0.5   ; Krel[p(xc2)]=4.5  
P(xc3)=0.62  ; Krel[p(xc3)]=4.7 
For FGM, there can be N points of thermal percolation with N being an integer greater than or equal to 0. 
To integrate according to Eq. 4, (N+1) sections have to be divided, each which may present Krel[p(x)]-p(x) 
functions.[15] By integration of Eq. 4, the precise numerical solution of the equivalent relative effective 
conductivity  per unit thickness of Ti-ZrO2 FFGM can be obtained with several simple 
compositional distribution curves p(x) (see Table 2). For detailed calculating process, please refer to 
Appendix. 
Table 2: The equivalent relative effective thermal conductivity of Ti-ZrO2 FGM 
 
Critical thermal 
percolation site  Xc3  
Critical thermal 
percolation site  Xc2 
Critical thermal 
percolation site  Xc1 
P(x)  
6.00  0.3844  0.25  0.0625  
  
5.42  0.62  0.5  0.25  
  
4.48  0.787  0.707  0.5  
  
We can find from Table 2 that when p(x) becomes as x2, x, x1/2, Xc1 increases from 0.0625 to 0.5, while 
thermal equivalent conductivity drops from 6 to 4.48. 
Appendix 
When   P(x) = ,  P(x) = , = 0.25 
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  +     =
When   P(x) = ,  P(x) = , = 0.5 
  +     =
When   P(x) = ,  P(x) = , = 0.0625 
  +     =
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